ABSTRACT. This study clarifies changes in the chemical forms of microparticles during
INTRODUCTION
The Earth's climate history over the past several hundred thousand years has been preserved in Antarctic ice cores. Impurities in the ice provide significant information on several aspects of past climates. For instance, it is possible to reconstruct the sea-ice extent from sodium ion (Na + ) concentrations (Iizuka and others, 2008a; Wolff and others, 2010) , marine biological activity from sulfate (SO 4 2-) (e.g. Wolff and others, 2010) , volcanism from SO 4 2-spikes (Castellano and others, 2004) and hydrological cycles from insoluble dust (Lambert and others, 2008) .
Several of these impurities are transported to the ice sheet as aerosols. Penner and others (2001) have suggested that in the preindustrial atmosphere the radiative forcing of sulfate aerosols produces negative feedback that cools the Earth in two ways: directly through radiation and indirectly because the sulfates serve as cloud condensation nuclei (e.g. Charlson and others, 1987) . The feedback processes related to aerosols in the atmosphere may even have triggered transitions between glacial and interglacial periods. Previous studies have used the insoluble dust concentration in ice cores to infer the radiative forcing of aerosols between the Last Glacial Maximum (LGM) and the Holocene (Claquin and others, 2003; Chylek and Lohmann, 2008) . However, the role of water-soluble aerosols in past climates is not yet clear due to the difficulty in reconstructing the chemical forms of impurities from ion concentrations measured in the melted samples. To reconstruct the history of atmospheric aerosols and infer their effects on past climates from impurities in ice cores we must first be able to confirm the chemical form of these impurities and accurately model their behavior during deposition and preservation.
In a shallow section of the Dome Fuji ice core, our recent studies using micro-Raman spectroscopy proved that most SO 4 2-was in the form of solid salt particles others, 2005, 2006; Sakurai and others, 2010a,b) . The chemical form of the salts altered in each climatic period. In the Dome Fuji ice core, the Holocene and interglacial periods included mainly Na 2 SO 4 Á10H 2 O (mirabilite) and MgSO 4 Á11H 2 O (meridianiite) (Genceli and others, 2009 ). (For more than a century, researchers had assumed that the number of hydrates associated with MgSO 4 was 12. However, Peterson and others (2007) and Genceli and others (2007) found MgSO 4 Á11H 2 O. This study adopts their result.) In glacial periods, especially the LGM, the most common sulfate salt was CaSO 4 Á2H 2 O (gypsum) (Ohno and others, 2005) . This difference can be inferred rigorously from ion balance arguments (Iizuka and others, 2008b) , which have been summarized by Iizuka and others (2009) . However, few studies have attempted to clarify the relationship between water-soluble aerosols and climate change based on ion concentration data and ion balance. To clarify this point, this paper focuses on the climate transition during Termination I (from LGM to Holocene) as recorded in the Dome Fuji ice core.
We counted the number of microparticles in the ice using an optical microscope in a cold clean room (-158C). We determined the chemical form of the microparticles by micro-Raman spectroscopy and measured the total ion content by ion chromatography.
METHOD
The Dome Fuji station is located at the highest point on the east Dronning Maud Land plateau in central Antarctica (3810 m a.s.l.) The first Dome Fuji ice core (2503.52 m deep) was drilled at this station in 1995/96 (Dome-F Deep Coring Group, 1998 (Watanabe and others, 2003) . Each core sample was cut with a bandsaw into three sections to carry out three independent measurements: the number density of microparticles, the chemical forms of the microparticles and the ion concentrations in melted ice. The sections used to measure number density and chemical forms were cut into dimensions of 50 mm Â 10 mm Â 2 mm. The section used to measure ion concentrations was cut into dimensions of 50 mm Â 10 mm Â 10 mm.
We observed the microparticles with an optical microscope (Olympus BH2-UMA, objective lens Olympus ULWD Neo SPlan 50, numerical aperture (NA) 0.55, magnification 5Â and 50Â) in a cold clean room at -158C. According to the Becke test, the density contrast between microparticles and the surrounding ice is strong enough to distinguish by optical microscopy. However, we cannot distinguish visually between dust (insoluble) and salt (water-soluble) microparticles, so both types are counted. Microparticles with a diameter more than 1.0 mm can be recognized, but diameters less than 2.0 mm have a large margin of error. In a given field of view (0.14 mm Â 0.18 mm Â thickness (mm)), we counted and measured all visible microparticles. We randomly picked 100 views to calculate the average number mm -3 and the standard deviation. The number density was then converted to counts mL -1 . All other experimental procedures related to microscopy are as reported in previous works (Ohno and others, 2005; Sakurai and others, 2009 ).
We used micro-Raman spectroscopy to determine the chemical form of the microparticles using previously developed techniques. A detailed description of the microRaman spectroscopy method is provided by Sakurai and others (2010b) .
Ion chromatography (IC) is a common method for measuring the concentrations of ionic species present in an ice sample. We decontaminated the ice samples used for IC by cutting away the surface with a clean ceramic knife on a clean bench in a clean cold room at -158C. The decontaminated ice samples were immediately sealed in a clean polyethylene bag. After melting the ice in its bag outside the cold room, the sample was passed through a filter with 0.45 mm diameter pores and analyzed in a Dionex 500 chromatograph. We measured the concentrations of Na + , Mg 2+ , Ca 2+ , Cl -, NO 3 -, SO 4 2-and others. To test for possible contamination, we measured ultra-pure water using the same method and found no peaks in the chromatograph spectrum. The detection limits for these species are $0.1 mmol L -1 . The process of sample preparation has been described in detail by Igarashi and others (1998) and Iizuka and others (2006) .
RESULTS AND DISCUSSION

Number of microparticles
The inclusions observed in the samples were of various shapes. Air hydrates and air bubbles several hundred microns in diameter were clearly visible through a 5Â objective lens. Inclusions a few micrometers in diameter were found when viewing the sample through a 50Â objective lens and number density and diameter of microparticles were measured. The number density of microparticles gradually decreased over time in the transition from the LGM to the Holocene (Fig. 1) .
The number density was approximately 25 times higher in the LGM ice than in the Holocene ice. The total number density of microparticles as a function of depth was compared with the number density of dust particles (1.0-4.0 mm diameter) identified by laser in Fujii and others (2003) . The data of the number density of microparticles measured by microscope are combined with the Raman microscopy results to estimate the number density of particles with each chemical form during Termination I.
Chemical forms of the microparticles
Termination I ice is known to contain water-soluble microparticles such as Na 2 SO 4 Á10H 2 O (mirabilite), MgSO 4 Á11H 2 O (meridianiite), CaSO 4 Á2H 2 O (gypsum) and nitrate with sulfate salt (Fig. 2b-d) . We also found insoluble dust types: feldspar, SiO 2 (quartz) and others, the Raman spectra of which are unidentified (Fig. 2e-g ). Note that not all the inclusions are single particles; a number of agglomerations were also found (Fig. 2b) . We simply classified complex microparticles as one particle of each type regardless of the relative strength of the Raman peak. The number density of particles with each chemical form was estimated from the frequency of chemical forms identified in the subset of microparticles examined using micro-Raman spectroscopy. We classify the particles into five types: CaSO 4 Á2H 2 O, Na 2 SO 4 Á10H 2 O and/or MgSO 4 Á11H 2 O, SO 4 2-+ NO 3 -, Mg(CH 3 SO 3 ) 2 Á12H 2 O and 'other'. Each frequency is multiplied by the total number concentration of microparticles measured using the optical microscope, as shown in Figure 3 . The total number of particles found with each chemical form in this experiment was reported previously (Sakurai and others, 2010a,b) . The detection of Mg(CH 3 SO 3 ) 2 Á12H 2 O has also been reported by Sakurai and others (2010b) and Genceli Guner and others (2010) .
The 'other' category includes insoluble dust particles (e.g. feldspar, quartz), particles that could not be identified and particles with no Raman signal other than ice. Note that microparticles with no Raman signal could be Raman inactive, or the Raman intensity of this mineral may be too low to be identified (Sakurai and others, 2010a) . For this reason, our comparison of chemical forms and ion concentrations emphasizes the sulfate salts.
We measured the concentrations of major ions by IC. The IC samples were taken from exactly the same depths as those used to observe the microparticles directly (Table 1 ). The concentration of Ca 2+ is strongly correlated with the frequency of CaSO 4 Á2H 2 O particles (Fig. 4) 
The right-hand side is the difference between two ion concentrations, and the left-hand term signifies the concentration of SO 4 2-whose chemical form is something other than CaSO 4 Á2H 2 O. This term includes Na 2 SO 4 Á10H 2 O, MgSO 4 Á11H 2 O, sulfuric acid and many other species as well as (NH 4 ) 2 SO 4 which was suggested to exist in an Antarctic ice core (Kaufmann and others, 2010) , and of course it should be related to the concentration of NH 4 . However, we could not find (NH 4 ) 2 SO 4 in our study.
In contrast, the concentration of Na + + Mg 2+ (mEq L -1 ) is not strongly correlated with the frequency of Na 2 SO 4 Á10H 2 O + MgSO 4 Á11H 2 O, especially in the LGM (Fig. 4) . To estimate the chemical forms of the Na + and Mg 2+ , we estimated the ion balance using
The result is shown in Figure 5 . If the value of Equation (2) (Fig. 3) . If the value of Equation (2) is significantly higher than 0, then the ice should also contain sulfuric acid in liquid form (e.g. Mulvaney and others, 1988; Fukazawa and others, 1998; Barnes and others, 2003) . This state, for instance, could be the result of volcanic activity (Castellano and others, 2004) . If the value of Equation (2) is <0, then Na + and Mg 2+ exist in other chemical forms (e.g. chloride, nitrate and methanesulfonate salts). This case is shown in Termination I and the LGM (but not the Holocene). In fact, for instance, we found Mg(CH 3 SO 3 ) 2 Á12H 2 O (Sakurai and others, 2010b ) and the spectrum of nitrate salt with an unknown cation in LGM ice. Previous studies have shown that chloride salt may have existed in the LGM (Rö thlisberger and others, 2003; Iizuka and others, 2008b) . Therefore, Equations (1) and (2) are useful tools for estimating the chemical forms of microparticles based on ion concentrations in the ice.
Based on the above discussion, we can conclude that most of the Ca 2+ in the ice core forms CaSO 4 Á2H 2 O. The presence of non-sea-salt Ca 2+ is considered an indicator of terrestrial input (Wolff and others, 2010) . Previous studies suggest that the formation of CaSO 4 Á2H 2 O by neutralized reaction of terrestrial dust (i.e. Ca 2+ ) with non-sea-salt sulfuric acid is dominant especially in the glacial maxima (Rö thlisberger and others, 2003; Ohno and others, 2006; Iizuka and others, 2008b) . On the other hand, gypsum (CaSO 4 Á2H 2 O) was found in the rock wall of a dry valley in the Sør Rondane Mountains, Antarctica (Matsuoka, 1995; Matsuoka and others, 1996) . We analyzed a sample from this rock wall, which showed exactly the same Raman spectra as the CaSO 4 Á2H 2 O microparticles in our ice-core samples (Fig. 6) Nd isotopic tracers (Delmonte and others, 2004) . A numerical model also suggested that the air in Antarctica may be transported from the coast to the interior (Suzuki and others, 2008) . In addition, Sala and others (2008) 
